tiation among pollen pools in Quercus salicina in an 11.56-ha plot in a temperate old-growth evergreen broad-leaved forest. The genotypes at seven microsatellite loci were determined for 111 adult trees and 276 seeds collected from under eight seed parents. The proportion of pollen flow from outside the plot (further than 100 m) was 52.2%, indicating that long-distance pollen flow occurred frequently in this species, as observed in other Quercus species. The pollen pools from inside and outside the plot differed genetically, and genetic structure was detected in the population of adult trees within the plot. Therefore, longdistance pollen flow from outside the plot may introduce new or low-frequent alleles, and increase genetic diversity in this population. However, the actual average distance of pollen flow within the plot was significantly shorter than the average potential distance, and negative exponential curves explained well the frequencies of matings as functions of the distance
Patterns of Pollen Flow and Genetic Differentiation Among Pollen Pools in Quercus salicina in a Warm Temperate
Old-growth Evergreen Broad-leaved Forest By A. NAKANISHI 1*) , N. TOMARU 1) , H. YOSHIMARU 2) , T. KAWAHARA 3) , T. MANABE 4) and S. YAMAMOTO 1)
Forest Ecology and Physiology, Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya 464-8601, Japan 
Introduction
Gene movement within and between populations determines genetic variation and structure over space and time, which in turn influences their evolutionary potential. In plant species with large, relatively immobile seeds, pollen dispersal is probably the most important component of gene movement. Pollen dispersal has been studied by following the physical movement of pollen using traps (GREENWOOD, 1986) , dyes (LINHART et al., 1987) , and the movement of pollinators (LEVIN and KERSTER, 1969; MOSQUIN, 1971) . However, the results of these studies may not accurately reflect actual fertilization events and gene movement within populations. Allozyme studies of gene movement have been conducted, but allozymes generally lack the resolution required to directly determine gene movement. Therefore, in most allozyme studies, estimates of F ST (and variants of this parameter) based on allele frequencies have been used to indirectly infer the extent of gene flow among populations by estimating Nm, the number of migrants successfully entering a population per generation. Unfortunately, F ST values can rarely be translated into accurate estimates of Nm because the mathematical model underlying this translation makes many biologically unrealistic assumptions (WHITLOCK and MCCAULEY, 1999) .
Recently, gene movement in plant populations has been studied directly by parentage analysis using microsatellite markers with very high polymorphism and codominant expression (CHASE et al., 1996; DOW and ASHLEY, 1996; DOW and ASHLEY, 1998; STREIFF et al., 1999; ISAGI et al., 2000) . Parentage analysis is a methodology that determines the parents of offspring by comparing the genotypes of offspring and candidate parents. To determine the paternal parent, one usually compares the genotypes of the offspring, the known maternal parent, and the candidate paternal parents. Allelic diversity tends to be very high at microsatellite loci and, in most cases, either all adults or all but one adult in the population can be excluded as possible paternal parents (CHASE et al., 1996; DOW and ASHLEY, 1998; STREIFF et al., 1999) . The movement of successful pollen can then be traced by examining the relative locations of the identified pollen and seed parents.
The natural vegetation in the warm-temperate zones of East Asia is evergreen broad-leaved forest. This type of forest is widespread in humid areas at mid-latitude in the Northern Hemisphere and is dominated by the families Fagaceae, Lauraceae and Hamamelidaceae (KIRA, 1991; TAGAWA, 1995) . These forests once covered most lowland areas in southwest Japan, but because of human disturbance, old-growth stands are now found only around Shinto shrines, on islands, and on steep mountain slopes that are unsuitable for human development. Remnants of these forests are scattered and small, covering at most a few hectares, and rarely on level ground. Data on stand structure, population structure and population dynamics of these forests are scarce because of the rarity of suitable oldgrowth forests for study.
The research site in this study was in the Tatera Forest Reserve, on the South Island of Tsushima, which is located between the Japanese Archipelago and the Korean Peninsula. The reserve, protected as a National Natural Monument, has an area of approximately 100 ha and is situated on the northfacing slope of Mt. Tatera. There has been no human interference in the reserve for several centuries, and an old-growth evergreen broad-leaved forest is well developed in it (ITOW, 1991) . At the research site, Quercus salicina (an evergreen oak) belonging to the subgenus Cyclobalanopsis constitutes one of the major species and forms the highest canopy, but is present at low density (MANABE et al., 2000) . This species is suitable for parentage analysis because of the low frequency of candidate parents. Therefore, in this study, we investigated the patterns of pollen flow and genetic differentiation among pollen pools in Quercus salicina by paternity analysis and analysis of molecular variance (AMOVA).
The genus Quercus (oak) comprises approximately 500 species of trees and shrubs distributed throughout much of the Northern Hemisphere (NIXON, 1993 /ha. The dominant species in terms of stem density was Distylium racemosum (Hamamelidaceae), at 410.0 stems/ha, but in terms of basal area Castanopsis cuspidata (Fagaceae) was dominant, at 24.9 m 2 /ha. Quercus salicina was one of the major species in the plot; its basal area was the third largest at 4.7 m 2 /ha, while its density was the ninth highest, at 13.5 stems/ha (MANABE et al., 2000) . In 2003, the 4-ha plot was expanded to 11.56 ha (340 x 340 m) for the census of Quercus salicina, and 111 Quercus salicina individuals were found with a d.b.h. ≥ 5 cm. Our previous field observations of Q. salicina in the plot indicated that all individuals with a d.b.h. ≥ 5 cm can flower, but individuals with a d.b.h. < 5 cm are not yet ready to flower. Thus, all the 111 individuals could be defined as adult trees with the potential to act as pollen parents. Leaf samples for all 111 adult trees and 278 seed samples located under the canopies of eight adult Q. salicina trees ( Fig. 1) were collected, transported to our laboratory and stored at -30°C until DNA extraction.
Materials and Methods

Study site and field methods
DNA extraction and microsatellite genotyping
Genomic DNA was extracted using a modification of the hexadecyltrimethyl ammonium bromide (CTAB) method (MUR- RAY and THOMPSON, 1980) . Briefly, leaves or embryos of seeds were frozen in liquid nitrogen and ground to a fine powder using a mortar and pestle. Several spoonfuls of the powder (ca. min. A chloroform-isoamyl alcohol (24:1) extraction and an isopropanol precipitation were then performed. The precipitates were resuspended in TE buffer [10 mM Tris-HCl (pH 7.5) and 0.1 mM EDTA] followed by a single phenol-chloroform extraction. The DNA was then precipitated with 99.5 % ethanol and 3 M sodium acetate, followed by a 70 % ethanol wash and resuspension in TE buffer. Each DNA solution was standardized to 10 ng/µl for use in microsatellite amplification, by dilution with an appropriate amount of TE buffer, after quantifying the DNA concentration by 0.8 % agarose gel electrophoresis in TAE buffer [40 mM Tris-acetate (pH 8.0) and 1 mM EDTA], staining with ethidium bromide and measuring the resulting fluorescence under UV illumination.
Seven polymorphic microsatellite loci were selected for genotyping Q. salicina adults and seeds: QsalCT15 and QsalCT33 were developed for Q. salicina by T. KAWAHARA (personal communication), QpZAG119 for Q. petraea (STEINKELLNER et al., 1997) , MSQ4 for Q. macrocarpa (DOW et al., 1995) , QrZAG7 and QrZAG101 for Q. robur (KAMPFER et al., 1998) , and QM69-2M1 for Q. mysiniforia (ISAGI and SUHANDONO, 1997) . The sequences of forward and reverse primers for the two loci QsalCT15 and QsalCT33 were CGGTAAGACGTTTGGTGTAG and TTGTACGGACGCCATTGAAA, and GCCTCTAGCCAG-TTCAGTTG and CATTATTACTACCATTACAGTTTTGT, respectively.
For each sample, a 10-µl mixture containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.2 µM of each primer, 0.25 units of Taq polymerase, and 10 ng of template DNA was used for polymerase chain reaction (PCR) amplification. PCR was performed using a thermal cycler (GeneAmp PCR System 9700, ABI) under the following conditions: initial denaturation at 94°C for 3 min; 30 cycles of denaturation at 94°C for 30 s, annealing at 50-57°C for 30 s, and extension at 72°C for 30 s; followed by a final extension at 72°C for 2 min. Genotyping at the microsatellite loci was conducted by capillary electrophoresis using a 3100-Avant Genetic Analyzer and GeneScan TM analysis software (ABI).
Statistical data analyses
The genetic diversity of Q. salicina adults in the 11.56 ha plot was analyzed using standard population genetic parameters. The number of alleles (A), observed heterozygosity (H O ), unbiased expected heterozygosity (H E ) and fixation index (F IS ) were calculated for each locus and over all the loci. Deviations from Hardy-Weinberg equilibrium at each locus and over all loci were tested by the Markov-chain method using the Genepop program ver.3.3 (RAYMOND and ROUSSET, 1995) .
The genetic structure of the adult trees in the plot was examined by calculating a correlation between the genetic and spatial distances between them. The genetic relatedness between two adult trees was used as a measure of the genetic distance. In this study, the relatedness proposed by QUELLER and GOOD-NIGHT (1989) was applied, the average of which is assumed to be zero as a whole within a population, and ranges from -1 to 1. The relatedness of all pairs of the 111 adult trees was calculated using the RELATEDNESS program (QUELLER and GOOD- NIGHT, 1989 ). MANTEL's r statistic was calculated to quantify the correlation between the genetic and spatial distances (MAN-TEL, 1967) , and the significance was tested based on 5000 randomizations using the R PACAGE program (CASGRAIN and LEGENDRE, 1999) .
Paternity analysis was performed by simple exclusion (CHAKRABORTY et al., 1974) based on multilocus genotypes for all 111 adult trees and 278 seeds, assuming that each of the eight adult trees whose crowns covered the seed sampling site was the seed parent of the seeds collected there. This analysis was conducted using the CERVUS program (MARSHALL et al., 1998) .
The distances of pollen flow within the plot were analyzed by the following three methods. First, the frequency of matings with each pollen parent over all matings was separately calculated for each seed parent. The frequency distribution was plotted as a function of the distance between the parents. Data were bulked and fitted to an exponential function. Second, following the method by STREIFF et al. (1999) , subdividing all matings into distance classes, the frequency of matings over all matings was calculated at each distance class for each seed parent. The frequency distribution was then plotted as a function of the distance between the parents. Data were averaged over all seed parents and fitted to an exponential function. In this study, because the density of adults was low, each distance class had a 40-m interval. Third, to test whether the average distance of pollen flow within the plot deviated significantly from random expectations it was compared with the distribution of the average values generated by the permutation procedure. The permutation was repeated 1000 times, as follows. If the ith seed parent had n i seeds whose pollen parents could be assigned by paternity analysis (so the total number of seeds, N, was the sum of n i over all eight seed parents), a sample for the seed parent was generated with n i randomly extracted adult trees from the 110 potential pollen parents, with replacement. The distances between the seed parent and the n i extracted adult trees were then estimated, and an average value over all eight seed parents (an average value for N distances) was calculated.
Similarly, to test whether the average relatedness between mating pairs of parents within the plot differed significantly from random expectations, it was compared with the distribution of the average values generated by the same permutation procedure as used to test the average distance of pollen flow within the plot. To quantify genetic heterogeneity among the pollen pools of the seed parents, AMOVA of pollen haplotypes (EXCOFFIER et al., 1992; SMOUSE et al., 2001 ) was performed as follows. Pollen haplotypes were obtained by subtracting the contribution of the seed parent from the genotypes of the seeds, and pollen profiles were constructed using the pollen haplotypes. In ambiguous cases, in which seeds and their seed parents were heterozygotes, with the same alleles at the same loci, the pollen profiles were constructed using the likelihood of pollen parent contribution (SMOUSE et al., 2001) . Variation in the pollen profiles was then examined using AMOVA based on the pairwise squared Euclidean distances between the pollen profiles. AMOVA allowed us to calculate both variance components within and among the pollen pools of the seed parents and "Φ FT " values (analogs of Wright's F ST values). This analysis was conducted for the total pollen pools and for the separate pollen pools originating inside and outside of the plot. A Φ FT value was also calculated between the pollen pools originating inside and outside of the plot by bulking all seeds of the eight seed parents. The significance of the Φ FT values was tested by 1000 randomizations (EXCOFFIER et al., 1992) . Pairwise Φ FT values as genetic distances between the pollen pools of the seed parents were also obtained from the AMOVA, and tested by 1000 randomizations after Bonferroni correction. Spearman's rank correlation coefficients were determined between the pairwise Φ FT and the spatial distance or relatedness between the seed parents. The correlation analysis relevant to the spatial distance was also conducted for the total pollen pools and for the separate pollen pools originating inside and outside of the plot.
Results
Characteristics of seven polymorphic microsatellite loci
The microsatellites amplified by the seven primer pairs were highly variable, with 7-25 alleles per locus and mean H E of 0.754 (Table 1) . F IS values for each locus and all the loci were -0.117 to 0.087 and -0.004, respectively, and the deviations from Hardy-Weinberg equilibrium were not significant. The total exclusion probability for the second parent (MARSHALL et al., 1998) , i.e., the exclusion probability if one parent was known, was 0.9993 over the seven loci. The probability of correctly excluding all unrelated adult trees (111 trees) within the plot was 0.925 calculated by 0.9993 111 .
Genetic structure of adult trees
A significant negative correlation was detected between the spatial distance and relatedness between the adult trees in the plot (Fig. 2) . The absolute value of MANTEL's r-value was, however, low (r = -0.1028, P < 0.0005, Mantel test), indicating that weak genetic structure existed among the adult trees.
Paternity analysis
Genotypes at the seven loci were determined for all of the 278 seeds sampled. The haplotypes of 276 seeds matched those of the respective putative seed parents, and the haplotypes of only two seeds (sampled under the canopy of SP1023 and SP2548) did not match their putative seed parents. The 276 seeds were defined as the offspring of each putative seed parent, and the remaining two seeds were probably brought under the canopy from the canopy of other adult trees. Paternity analysis was conducted for the 276 seeds; 132 had at least one candidate pollen parent in the plot and were therefore considered to have been pollinated by adult trees within the plot, including one case of self-pollination (Table 2) . Thus, 144 (52.2 % of the total) of the gene movement events analyzed were apparently mediated by pollen from outside the plot. In the 11.56-ha plot, all the seed parents were located at least 100 m from any edge of the plot. Therefore, 52.2 % of the pollen flow occurred over a distance greater than 100 m.
According to the results of the simple exclusion analysis, 11 of the 132 seeds that apparently originated from pollination by trees within the plot had multiple candidate pollen parents and were excluded from the analysis of pollen flow within the plot. Each of the other 121 seeds had only one candidate pollen par- ent, but one appeared to be self-pollinated and was also excluded from the analysis, since the aim was to evaluate cross-pollination. The average distance for pollen flow within the plot, based on the remaining 120 pollination events, was found to be 66.7 m.
Pattern of pollen flow within the plot
A negative exponential function of the distance between parents explained significantly the frequencies of matings with each pollen parent over all matings for each seed parent (R 2 = 0.167, P < 0.005), and there was also a significant, negative correlation between the distance and these frequencies (Spearman's r = -0.384, P < 0.01) (Fig. 3) . Furthermore, a negative exponential function of the distance explained significantly the averages of the frequencies of matings over all matings at each distance class for each seed parent (R 2 = 0.885, P < 0.01) (Fig.  4) . The actual average distance (66.7 m) of pollen flow within the plot was significantly shorter than that (133.7 m) generated by the permutation procedure (P < 0.001).
The actual average relatedness (0.103) between mating pairs of parents within the plot was significantly higher than that (0.053) generated by the permutation procedure (P < 0.005).
Genetic heterogeneity among the pollen pools
The total pollen pools and the separate pollen pools from inside and outside the plot genetically differed significantly among the seed parents. (Φ FT = 0.034, 0.070 and 0.035, P < 0.001, 0.005 and 0.005, respectively). There were also significant genetic differences between the pollen pools from inside and outside the plot that were bulked over the seed parents (Φ FT = 0.017, P < 0.001). Furthermore, there were significant positive correlations between the pairwise Φ FT values (for the total pollen pools and the pollen pools from inside the plot) and the spatial distance between the seed parents (Spearman's r = 0.678 and 0.547, P < 0.001 and 0.01, respectively) (Fig. 5) . However, no such correlation was detected for the pollen pools from outside the plot. There was no significant correlation between the pairwise Φ FT values of the pollen pools and the relatedness between the seed parents.
Discussion
Patterns of pollen flow from inside and outside the plot.
Genotyping errors and mutations cause the exclusion of actual pollen parents within the plot. However, in this study, genotyping was conducted twice or more times and thus genotyping error rate should be low. At all the loci used in this study, observed genotype frequencies did not deviate from Hardy-Weinberg equilibrium, and the haplotypes of all seeds but two matched those of the respective putative seed parents. Therefore, the possibility of existence of null alleles may be low at the loci in this population. The mutation rate of microsatellite sequences has been estimated at 10 -4 to 10 -5 per locus and generation (EDWARDS et al., 1992; ELLEGREN, 1992; DOW and ASHLEY, 1996) , indicating that the probability of mutating between parents and offspring is negligible. Therefore, the risks of excluding actual pollen parents within the plot should not be serious in this study. The average distance of pollen flow within the plot was 66.7 m. Since the proportion of pollen flow from outside the plot (and therefore further than 100 m) was 52.2 %, the average distance of actual pollen flow was greater than this. Therefore, long-distance pollen transport by wind probably occurs among the Quercus salicina individuals in this temperate old-growth evergreen broad-leaved forest, as it does in other Quercus species (DOW and ASHLEY, 1996; DOW and ASHLEY, 1998; STREIFF et al., 1999) .
Negative exponential functions of distance could explain significantly the mating events observed in the plot, and the actual average distance of pollen flow within the plot was significantly shorter than the potential average distance. In wind-pollinated Quercus species, many adult trees near seed parents tend to contribute frequently as pollen parents at the local scale and, consequently, the pollen flow follows an exponential dispersion curve (STREIFF et al., 1999) . The results in this study confirm the findings by STREIFF et al. (1999) , and support the hypothesis that mating in Quercus species may be strongly affected by wind. STREIFF et al. (1999) indicated that effective pollen dispersal in oaks could involve a combination of two processes: local dispersion and long-distance transport. We found evidence for both of these processes in Quercus salicina, i.e. evidence that large amounts of pollen came from outside the plot and that pollination over short distances frequently occurred, as indicated by the negative exponential curves of pollen flow versus distance within the plot.
The actual average relatedness between mating pairs of parents within the plot was significantly higher than that generated by the permutation procedure. The high average relatedness may be caused by the genetic structure of the adult trees and the above-mentioned relationship between spatial distance and pollen flow (i.e. that nearby adult trees tend to be genetically related to seed parents due to the genetic structure, and may often be pollinated by the seed parents because of the short distances between them). Consequently, neighboring trees that are genetically related to the seed parents may have frequently mated with them.
Genetic differentiation of pollen pools
The pollen pools from inside and outside the plot differed genetically. This finding differs from the results of a study by STREIFF et al. (1999) , in which the difference between allele frequencies from inside and outside the plot they examined was very weak. In the site studied here, genetic structure may be somewhat stronger, and long-distance pollen flow from outside the plot probably transfers different alleles into it, thus increasing the genetic diversity within the plot.
The genetic composition of not only the total pollen pools and but also the pollen pools from inside the plot differed significantly among the eight seed parents, and the genetic differentiations were correlated with the distance between seed parents. The genetic differentiation of these pollen pools is due to variations in the contributions of pollen parents to each seed parent. Different seed parents located near to each other may be frequently pollinated by the same pollen parents near them due to the limited pollen dispersal, so the pollen pools accepted by neighboring seed parents may be genetically similar. Furthermore, although the pollen pools from outside the plot also genetically differed significantly among the seed parents, the genetic differentiation was not correlated with the distance between the seed parents. Therefore, variations in flowering phenology among trees may also contribute to the differentiation amongst the pollen pools. Studies of flowering phenology conducted in populations of different oak species such as Q. robur and Q. petraea (BACILIERI et al., 1995) and Q. alba (SHARP and CHISMAN, 1961) have revealed high levels of variation among individuals. To clarify the effect, field observations of the flowering phenology would be necessary. HARDY et al. (2004) discussed different mechanisms causing differentiation among pollen pools and indicated limited pollen dispersal as a main factor and phenological heterogeneity among plants as a second factor limiting diversity of pollen parents.
This study of the Q. salicina population allowed us to reconstruct actual pollination events within the plot and link them with long-distance pollen flow from outside the plot, which may increase genetic diversity in the study population. On the other hand, the likelihood of trees mating within the plot was strongly correlated with the distance between them, which is a characteristic feature of wind-pollination. The distance-dependence of pollen flow may be causally reflected in the pattern of genetic differentiation of the pollen pools between the seed parents, since the genetic similarity of their pools decreases as the distance between them increases.
As well as the long-distance pollen flow, year-to-year variations in pollen flow (due to year-to-year fluctuations in flowering phenology or wind direction during the flowering season) may be important factors in the maintenance of genetic diversity (especially since it is known that the flowering of Quercus species fluctuates from year to year). In this study, all analyses focused on pollination events that occurred in only one year. Analyses of multi-year pollination coupled with field observations of flowering phenology would further enhance our understanding of pollen flow and its effects on genetic diversity amongst Q. salicina populations.
